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We report on the improved measurement of the hyperfine structure of 4f12(3H6)5d5/26s
2 (J =
9/2) excited state in Tm-169 which is involved in the second-stage laser cooling of Tm. To measure
the absolute value of the hyperfine splitting interval we used Doppler-free frequency modulation
saturated absorption spectroscopy of Tm atoms in a vapor cell. The sign of the hyperfine constant
was determined independently by spectroscopy of laser cooled Tm atoms. The hyperfine constant
of the level equals AJ = −422.112(32) MHz that corresponds to the energy difference between two
hyperfine sublevels of −2110.56(16) MHz. In relation to the saturated absorption measurement
we quantitatively treat contributions of various mechanisms into the line broadening and shift.
We consider power broadening in the case when Zeeman sublevels of atomic levels are taken into
account. We also discuss the line broadening due to frequency modulation and relative intensities
of transitions in saturated-absorption experiments.
I. INTRODUCTION
Along with some other lanthanides Tm possesses a
large ground state magnetic moment of 4 Bohr magne-
tons, that makes ultracold Tm atoms an attractive ob-
ject for study of dipolar interactions [1]. Besides that
Tm has a narrow magnetic-dipole transition at 1.14 µm
which makes it a favorable candidate for optical clock
applications [2, 3].
The nuclear spin of the only stable thulium isotope
169Tm equals I = 1/2. Each level of the electronic struc-
ture is split into two hyperfine components with energy
shifts described solely in terms of the magnetic dipole
constant AJ [4]:
∆EF =
1
2
hAJ (F (F + 1)− I(I + 1)− J(J + 1)) , (1)
where ~ is the reduced Planck constant, F and J are the
total atom and electron moments, correspondingly.
The hyperfine (HF) structure of Tm atoms was ex-
tensively studied with a variety of techniques. The hy-
perfine splitting (HFS) of the ground level was previ-
ously determined with a precision of about 1 kHz using
double-resonance spectroscopy [5, 6]. Since the double-
resonance method is applicable only to ground and me-
tastable states, the HF structure of the excited states
was mainly studied by interferometry [7] and laser spec-
troscopy in a wide spectral range. Laser spectroscopy
methods implemented in [8, 9] provided an accuracy typ-
ically not exceeding a few megahertz.
The level 4f12(3H6)5d5/26s
2 (J = 9/2) is coupled to
the Tm ground state via 530.7 nm transition (fig. I) with
the natural line width of Γ/2pi = 347(17) kHz [10]. The
transition between the ground state (F = 4) and the
investigated state (F ′ = 5) is fully cyclic and is used for
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FIG. 1: The relevant transitions in 169Tm. The transitions
at 530.7 nm are shown in solid (green) lines, the numbers
indicate the relative transition strengths. The 410.6 nm tran-
sitions used for magneto-optical trapping and repumping (See
sec. II) are shown in dashed (blue) lines.
the second-stage laser cooling of Tm atoms down to the
temperature of 10 µK [2].
Here we report the hyperfine splitting measurement of
this level within an improved uncertainty of 160 kHz us-
ing the frequency modulation saturated absorption spec-
troscopy.
The paper is organized as follows: sec. II describes how
we determine the sign of the hyperfine constant, sec. III
describes the measurement of the hyperfine constant, in
sec. IV we present the line shape model and in sec. V we
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2describe the sources of uncertainty. In App. A optical
pumping effects are discussed.
II. SPECTROSCOPY IN THE TM
MAGNETO-OPTICAL TRAP
In linear spectroscopy the transitions between differ-
ent hyperfine components may be readily identified ac-
cording to their relative intensities described in terms of
6j-symbols. The situation is more complicated in satu-
rated absorption spectroscopy, where considerable opti-
cal pumping occurs between the hyperfine components.
The relative intensities become sensitive to the exper-
imental conditions (see App. A for discussion). Taking
into account the importance of the hyperfine components
order for laser cooling applications we determined it by
an independent method.
Tm atoms were laser cooled and trapped in a ”blue”
magneto-optical trap (MOT) operating at 410.6 nm al-
most cyclic transition F = 4 → F ′′ = 5 between ground
and 4f12(3H5)5d3/26s
2 (J = 9/2) levels (See fig. I) [1].
We irradiated the atoms trapped in the operating ”blue”
MOT with 30 mW (10 W/cm2) of 530.7 nm laser (sec-
ond harmonic of Toptica DL-pro) and recorded the fluo-
rescence signal at 410.6 nm by photomultiplier tube (See
fig. II(a)). The fluorescence at steady-state was propor-
tional to the number of atoms in the MOT. In contrast to
alkali atoms, Tm MOT at 410.6 nm normally can operate
without a repumping laser [1] because the cooling radi-
ation acts as a repumper itself and return atoms which
were optically pumped to F = 3 back to F = 4 via
F ′′ = 4.
Frequency scan of 530.7 nm laser across F = 4→ F ′ =
4 and F = 4→ F ′ = 5 resonances resulted in correspond-
ing dips in the MOT fluorescence (See fig. II(b), lower
curve). We identified two transitions by the different flu-
orescence dynamics as shown in fig. II(b). Excitation
of an atom to the F ′ = 4 component of the upper level
would predominantly be followed by a spontaneous decay
to F = 3 sublevel of the ground state (fig. I) and loss of
the atom from the MOT. After the laser frequency was
tuned out of this resonance, the population of MOT re-
covered with the trap loading time constant (200 ms). In
contrast, when the laser frequency was scanned through
the cyclic F = 4 → F ′ = 5 transition, the number of
atoms in the MOT remained unchanged and the fluores-
cence signal recovered promptly. The latter happened
because exited atoms were slow enough to stay in the
trapping region (the radiative decay time 1/Γ of investi-
gated level is about 460 ns).
To verify our understanding of the underlying pro-
cesses we repeated the described experiment, but ap-
plied an additional repumping laser beam of 2.4 mW
(1 W/cm2) at 410.6 nm that pumped the atoms from
the hyperfine F = 3 sublevel back to F = 4 of the
ground state through the F ′′ = 4 sublevel (See fig. I).
As expected, the repumping laser prevented the loss of
atoms from MOT when 530.7 nm laser was tuned to
F = 4 → F ′ = 4 resonance and the MOT fluorescence
recovered equally fast for both observed resonances (See
fig. II(b), upper curve).
We conclude that the sublevel F ′ = 5 lies lower than
the F ′ = 4 one. This fact allows to implement second-
stage laser cooling without repumping laser [1].
III. SATURATED ABSORPTION EXPERIMENT
The described above MOT-loss measurement of HFS
did not provide enough accuracy due to the complicated
resonance profiles and insufficiently accurate frequency
scan calibration. For more accurate measurement we
used frequency modulation saturated absorption spec-
troscopy in a vapor cell [13].
The experimental setup is shown in fig. III. Tm vapor
stainless steel cell at the temperature of about 720◦ C
was enclosed in a magnetic shield. To stabilize the fre-
quency of the 530.7 nm laser we locked it to a high-
finesse Fabry-Perot cavity using Pound-Driver-Hall tech-
nique [11]. Stabilization provided the expected laser line
width below 100 Hz [27]. Long-term drift of Fabri-Perot
cavity was measured to be 1.3 kHz/s by monitoring the
frequency interval between the F = 4 → F ′ = 5 reso-
nance and a particular TEM00 mode of the cavity.
In our configuration the probe beam was formed by
reflecting the pump beam. Since saturated absorption
is accompanied by power broadening of the transition,
it was advantageous to reduce the laser power to the
lowest level. To detect weak absorption signals we used
frequency modulation of the laser beam and lock-in de-
tection. The modulation at the frequency of 60 kHz was
applied using the acousto-optical modulator AOM-2 (See
fig. III). Central frequency of AOM-2 was 203 MHz.
Both F = 3 and F = 4 hyperfine components of the
ground state were initially populated almost equally at
the cell temperature of 720◦ C. We extracted the fre-
quency difference of the transitions F = 4→ F ′ = 5 and
F = 3 → F ′ = 4 from the lock-in amplified saturated
absorption signal.
For frequency scanning we used AOM-1 driven by sig-
nal of RF-generator centered at 211 MHz. Scan range of
AOM was about 50 MHz and did not allow to cover the
614 MHz frequency gap between the F = 4 → F ′ = 5
and F = 3→ F ′ = 4 transitions. To observe both transi-
tions simultaneously, we used bichromatic radiation with
one of the beams being frequency-shifted by an auxiliary
AOM-3 for 600 MHz (See fig. III). A typical scan for
both F = 4 → F ′ = 5 and F = 3 → F ′ = 4 transitions
with 14 MHz separation is shown in fig. 4. At the picture
the left resonance is formed by unshifted laser beam and
the right is by frequency-shifted one. The crossover reso-
nance at the picture is a feature of the saturated absorp-
tion method that results from the interaction of atoms
with both beams [13].
Both laser beams had powers of 100(10) µW and the
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FIG. 2: (a) Laser cooled Tm atoms is irradiated with 530.7 nm laser. PMT is photomultiplier tube. (b) Fluorescence intensity
at the wavelength 410.6 nm of the atoms in an operating ”blue” magneto-optical trap being irradiated by 30 mW of the
530.7 nm laser beam. The frequency on the 530.7 nm was continuously scanned as indicated at the figure, the frequency scale
was calibrated using an auxiliary Fabry-Perot cavity. The lower and upper curves correspond to the measurements without
and with repumping laser (fig. I). The solid black curve is the exponential fit to the data.
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FIG. 3: Schematics of saturated absorption experiment.
Acousto-optical modulator (AOM-1) was used for the fre-
quency scan, AOM-2 for the modulation and AOM-3 for the
frequency shift of one laser beam to bridge the gap between
F = 4→ F ′ = 5 and F = 3→ F ′ = 4 transitions. All AOMs
are working in double-pass configurations. The laser is locked
to a stable high-finesse Fabri-Perot cavity (FP).
1/e2 intensity radii of ≈ 0.55 cm. This corresponds to
saturation parameter I/Is = 0.35, where
Is = pihcΓ/3λ
3 = 304µW/cm2 (2)
is the transition saturation intensity. The extinction co-
efficient was about 30% for both beams.
The hyperfine constant AJ was deduced from the
experimental frequency splitting between F = 4 →
F ′ = 5 and F = 3 → F ′ = 4 transitions and the
known value of the ground state hyperfine splitting of
1496.550(1) MHz [5]. The line shape model used for data
analysis is described in the next sec. IV.
IV. THE LINE SHAPE MODEL
Frequency modulation in nonlinear spectroscopy may
result in complicated line shapes of the observed tran-
sitions. A number of analytical results describing line
shapes in some specific experimental conditions are pre-
sented in [14–16]. In the current setup we used low mod-
ulation frequency ωm < Γ and small modulation index
M ≈ 0.1 1, that allows to describe the observed signals
in terms of a steady-state absorption function α(ω) [17].
If the phase of the laser beam is modulated
φ = M sin(ωmt), (3)
the absorption will adiabatically follow the instantaneous
laser frequency, producing the signal Sωm
Sωm = Mωm
dα(ω)
dω
sin(ωmt). (4)
The regime of low frequency modulation allows for the
straightforward interpretation of the observed signals in
a wide range of experimental conditions. In particular,
the eq. 4 imposes no limitations to the laser power, total
energy absorption or the details of nonlinear interaction.
Moreover, the various mechanisms of line broadening are
naturally taken into account by eq. 4, in contrast to more
sophisticated models of Refs. [14–16, 18].
To describe the experimental signal we chose α(ω) to
be the Lorenzian function with the same width for all
three resonances (See fig. 4). This choice is justified by
the fact that the observed spectral linewidths are only
about 30% larger than their natural linewidths.
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FIG. 4: Demodulated signal as a function of laser frequency detuning set by AOM-1. The experimental data with subtracted
linear Doppler offset and the fit with a sum of three dispersion profiles with independent positions and amplitudes are shown.
The scan rate was 0.5 MHz/s.
V. LINE SHIFTS AND BROADENING
A number of effects may lead to shift and broaden-
ing of resonances in satureted-absorption spectorscopy.
These effects may introduce error in measurements and
have to be carefully analyzed. Below we discuss the shift
and broadening mechanisms that took place in our ex-
periment and estimate associated uncertainties in HFS
measurement.
A. Power broadening
In saturated absorption spectroscopy the detected sig-
nal rapidly decreases as the pump and probe intensities
go below the saturation intensity Is. Operation at high
laser intensities, however, results in power broadening of
the observed resonances. In the case of atomic transi-
tions between levels with angular moments F and F ′ the
power-broadened linewidth Γp.b. may be calculated as
Γp.b. = Γ
√
1 + a(F, F ′)I/Is. (5)
Here I is the laser beam intensity and a is a numerical
factor. In a well-known case of two-level system a = 1.
However, as showed our numerical calculations based on
direct Bloch equations solution, for cyclic atomic tran-
sitions F ′ = F + 1 with F, F ′ ≥ 2 in linearly polarized
light a approaches 0.5.
The origin of the reducing factor a is best illustrated
in the case of atom interacting with a linearly polarized
laser beam and the quantization axis being directed along
the light polarization [19]. For the multilevel atom every
upper magnetic sublevel is populated only by absorption
from the ground sublevel with the same magnetic num-
ber, m. Absorption rate γ|F,m〉→|F ′,m〉 is reduced com-
pared to these of two-level atom by the corresponding
Clebsch-Gordan coefficient C
γ|F,m〉→|F ′,m〉 =
s
2
(CF
′,m
F,m;1,0)
2Γ (Π(gm)−Π(em)) . (6)
TABLE I: Line broadening effects for 530.7 nm transitions.
Source Contribution, kHz
Natural linewidth 347(17)
Power broadening 30
Wavefront curvature 150
Beams misalignment 100
Frequency modulation 20
Time-of-flight broadening 7
Zeeman splitting < 10
Collisional broadening < 40
Photon recoil 8
Observed linewidth 450(50) kHz
Here s is the saturation parameter
s = I/Is
(Γ/2)2
∆ω2 + (Γ/2)2
, (7)
and Π(gm) and Π(em) are the populations of the lower
and upper magnetic components. If we consider a par-
ticular case of F = 0 → F = 1 transition, we will find
the only relevant coefficient C1,00,0;1,0 = 1 and will repro-
duce the result for a two-level system Γp.b = Γ
√
1 + I/Is
with a being 1. However for transitions between lev-
els with higher F the situation is different. In this case
(CF
′,m
F,m;1,0)
2 < 1 and larger light intensity is needed in or-
der to make the stimulated transition rates comparable
with the spontaneous decay rates.
In the case of our experiment the power broadened
linewidth is calculated to be 380 kHz at I/Is = 0.35.
We note, that intensity here is the single-beam in-
tensity, since at moderate powers the width of the
saturated-absorption resonances is the average of the
power-broadened widths corresponding to the pump and
the probe intensities [20].
5B. Time-of-flight broadening
The transition time for atoms passing through the laser
beam in our experiment was 50 times larger compared to
the radiative lifetimes of the upper states. This resulted
in additional broadening of 7 kHz.
C. Effect of wavefront curvature and misalignment
of beams
Deviation of the pump and probe beams from counter-
propagating plane waves generally results in shift and
broadening of saturated-absorption resonances. The fi-
nite absolute curvatures of the wavefronts and slight mis-
alignment of beams may lead to residual Doppler broad-
ening (so called ”geometrical broadening”). In particu-
lar, the pump and probe beams misalignment (b.m.) of
finite angle β leads to the Gaussian broadening of [21]
δωb.m. ' βkuD, uD =
(
2kBT
M
)1/2
. (8)
Here k is the light wavevector and uD is the Doppler
velocity of atoms. For our setup uD = 310 m/s and the
beams misalignment was estimated to be < 2 · 10−4 rad
that corresponds to the broadening of about δωb.m./2pi =
100 kHz.
In our experiment the time of flight of atoms through
the laser beams is much longer than the inversed natural
linewidth. In this case the broadening caused by the
wavefront curvature (w.c.) of the Gaussian beam also
has essentially the same geometrical origin and may be
estimated as [21]
δωw.c. ' kuD√
kzR
, (9)
where zR is the Rayleigh length, assumed to be the
same for pump and probe beams. For the reported
measurement zR was slightly different for the two per-
pendicular crossections of the beams with average val-
ues of the order of 1 m. The corresponding broadening
δωw.c./2pi = 150 kHz.
In the absence of reflection symmetry between the
pump and probe beams shifts of the saturated absorption
resonances take place [18]. We conservatively estimate
the line shifts in our measurement to be of the same value
as the broadening in eq.9.
D. Broadening due to frequency modulation
As was mentioned in the sec. IV, we used frequency
modulation with the ratio ωm/Γ ≈ 0.2. Frequency mod-
ulation may cause additional effects compared to the adi-
abatic picture described by eq. 4. In this section we com-
pare the predictions of eq. 4 with more rigorous results
given in [14].
Frequency modulation results in a line shape, that
often may be described as some combination of power
broadened Lorenzian and dispersion profiles [14, 22].
L(ω) =
(Γp.b./2)
2
∆ω2 + (Γp.b./2)2
, D(ω) =
∆ωΓp.b./2
∆ω2 + (Γp.b./2)2
,
(10)
where ∆ω = (ω − ω0) is the laser detuning from the
atomic resonance. In the saturated absorption configu-
ration the in-phase signal is predicted to be [14]
Sph. ∝ [L(ω + ωm/2)− L(ω − ωm/2)] sin(ωmt). (11)
If ωm . Γ, the eq. 11 predicts signals almost indis-
tinguishable from dL(ω)/dω, but with a slightly larger
effective line width. For our conditions we found the line
broadening to be about 10 kHz.
We note, that at finite modulation frequency also an
in-quadrature signal presents
Sq. = [D(ω − ωm/2)− 2D(ω) +D(ω − ωm/2)] cos(ωmt).
(12)
The small admixture of quadrature component results
in a slight variation in the detected line width and line
shape with the demodulation signal phase change. For
the present experiment, however, the effect of quadrature
component is of the same negligible order (∼ 10 kHz) as
the correction to the in-phase component by eq. 11.
Resonance broadening by modulation is not accompa-
nied by shift, and thus introduce error only via statistical
uncertainty in determining the peak positions.
E. Magnetic fields
In order to reduce the influence of magnetic field the
vapor cell was enclosed into a magnetic shield. In ad-
dition, the Zeeman splitting was greatly suppressed by
similar Lande g-factors of the lower and the upper tran-
sition levels (∆g ≈ 0.01). Conservative estimate of the
Zeeman shift is less then 10 kHz.
F. Collisional and photon recoil effects
We made an upper estimate of the collisional effects
by measuring the positions of atomic resonances at differ-
ent vapor temperatures 640–730◦ C (corresponding vapor
pressure range 6 × 10−5–8 × 10−4 mbar). No collisional
broadening was observed at the level of 100 MHz/mbar
and no collisional shift was detected with uncertainty 50
MHz/mbar. Thus, the contribution of collisional effects
into the line width was below 40 kHz and the contribu-
tion into the HFS measurement error was below 20 kHz.
The photon recoil effect [23] was ~k2/2piM = 8 kHz.
6TABLE II: Errors budget for the HFS measurement.
Source Uncertainty, kHz
Statistics 20
Wavefront curvature 150
Zeeman splitting 10
Collisional shift 20
ULE cavity drift 30
Total uncertainty 160 kHz
G. Uncertainty and results
The results for the line broadening and the HFS mea-
surement uncertainty are summarized in tab. I and tab. II
correspondingly.
The natural linewidth of the transition was consis-
tently reported in a few works, the most recent result
being Γ/2pi = 347(17) kHz [10]. From our experimen-
tal data fit we extracted the observed line width of
450(50) kHz, which provides a reasonable agreement be-
tween the estimated and observed broadened lines.
We estimated the error in the HFS measurement as
root sum square of the contributions listed in the tab. II.
It can be seen that the net uncertainty of 160 kHz
was dominated by the shifts of resonances due to wave-
front curvature, while the statistical error did not exceed
20 kHz. Another source of uncertainty was a long-term
drift of Fabri-Perot cavity used for laser frequency stabi-
lization. Typical drift rate was 1.3 kHz/s yielding 30 kHz
shift for the time of measurement.
An independent method to assess the measurement er-
ror was provided by the crossover resonance position.
Comparison of the measured crossover resonance fre-
quency and its expected value relative to the transitions
peaks (νF=3→F ′=4 − νF=4→F ′=5)/2 resulted in the dis-
crepancy of 100 kHz, which is consistent with the error
estimate given in the tab. II.
We measured the measured frequency difference be-
tween the investigated transitions to be
νF=3→F ′=4 − νF=4→F ′=5 = 614.01(16) MHz. (13)
Energy difference between F ′ = 5 and F ′ = 4 hyperfine
sublevels is
EF ′=5 − EF ′=4 = −2110.56(16) MHz. (14)
Finally, the improved value for hyperfine constant AJ of
the level 4f12(3H6)5d5/26s
2 (J = 9/2) equals (See eq. 1)
AJ = −422.112(32) MHz. (15)
The latter result is consistent with the value, previ-
ously reported by Kuhl [7], but is 20 times more accu-
rate.
VI. CONCLUSIONS
We reported the measurement of the hyperfine struc-
ture of 4f12(3H6)5d5/26s
2 (J = 9/2) level in Thulium
atom, which is used for second-stage laser cooling.
The hyperfine splitting of the level was previously mea-
sured within uncertainty of 3 MHz using interferometery
in atomic beam [7]. The result of our measurement agrees
with the previous result, but the accuracy is improved
more than an order in magnitude. The reported in [7]
value of HFS constant AJ agreed with theoretical calcu-
lations presented in [25] within the measurement uncer-
tainty, and thus our new value may provide a better error
estimate for theoretical calculations.
The dominant source of uncertainty in or measure-
ment was the frequency shift of saturated-absorption res-
onances due to the wavefront curvature. We also es-
timated contributions of other line shift and broaden-
ing mechanisms, in particular, line broadening due to
frequency-modulation and power broadening in the case
of transition between degenerate atomic levels. The to-
tal estimated broadening agrees with the experimental
observation.
VII. ACKNOWLEDGMENTS
This work was supported by RFBR grants 15-02-
05324a, 15-02-03936a and the program of fundamental
researches of the RAS ”Extreme light fields and its ap-
plications”.
Appendix A: Effect of optical pumping on intensity
relation of transitions between hyperfine sublevels
In linear spectroscopy the intensities of transitions be-
tween hyperfine components of two levels are given by
their line strengths S
S ∝ (2Fd + 1)(2Fu + 1)
{
Ju Fu I
Fd Jd 1
}2
, (A1)
where u and d denotes the upper and lower levels of the
transition. Using this relation the transitions between
different hyperfine components may be readily identified
in experiment. However, in saturated-absorption exper-
iments the relation (A1) may yield qualitatively wrong
results.
Our experiment provides an example when the ob-
served most intense line is not the one expected from
eq. A1.We calculate the transition F ′ = 5 → F = 4 to
have the largest line strength(
IF ′=5→F=4
IF ′=4→F=3
)
theor
=
44
35
> 1. (A2)
7In contrast, from the experiment we find (see fig. 4)(
IF ′=5→F=4
IF ′=4→F=3
)
exp
≈ 0.9 < 1. (A3)
The observed intensities appear to be the consequence
of optical pumping (for more discussion of the effect see
Refs. [19, 24]). When the non-cyclic F = 3 → F ′ = 4
resonance is exited some fraction of atoms spontaneously
decay from the upper F ′ = 4 to the lower F = 4 sublevel.
In this way the number of atoms interacting with light
effectively decreases, thus giving additional contribution
to the Lamb dip and increasing the resonance amplitude.
For the cyclic F = 4→ F ′ = 5 resonance the pumping is
absent and its amplitude is of purely saturational origin.
The order of magnitude estimation of the enhancement
factor f for the F ′ = 4 → F = 3 transition intensity is
given by the ratio of atoms pumped into F = 4 state
during the time of flight:
f = 1 + ΓF ′=4→F=4 × τflight. (A4)
This estimation gives a factor of 2.5, that is reasonably
agrees with the experimental value of 1.5.
[1] D. Sukachev, A. Sokolov, K. Chebakov, A. Akimov, S.
Kanorsky, N. Kolachevsky and V. Sorokin: Phys. Rev. A
82, 011405(R) (2010)
[2] G.A. Vishnyakova, E.S. Kalganova, D.D Sukachev, S.A.
Fedorov, A.V. Sokolov, A.V Akimov, N.N. Kolachevsky
and V.N. Sorokin: Laser Phys. 24, 074018 (2014)
[3] A.A. Golovizin, E.S. Kalganova, D.D. Sukachev, G.A.
Vishnyakova, I.A. Semerikov, V.V. Soshenko, D.O.
Tregubov, A.V. Akimov, N.N. Kolachevsky, K.Yu.
Khabarova, V.N. Sorokin: Quant. Electron. 45 (5),
482(2015)
[4] I.I. Sobelman, Atomic Spectra and Radiative Transitions
(Berlin: Springer, 1979; Moscow: Fizmatgiz, 1963)
[5] G. J. Ritter: Phys. Rev. 128, 2238 (1962)
[6] W. J. Childs, H. Crosswhite, L. S. Goodman, and V.
Pfeufer: J. Opt. Soc. Am. B 1, 22 (1984)
[7] J. Kuhl: Z. Phys. 242, 66 (1971)
[8] S. Kro¨ger, L. Tanriver, H.-D. Kronfeldt, G. Gutho¨hrlein,
H.-O. Behrens: Z. Phys. D 41, 181 (1997)
[9] Go¨nu¨l Bas¸ar, Gu¨nay Bas¸ar, I˙. K. O¨ztu¨rk, F. G. Acar, S.
Kro¨ger: Phys. Scr. 71, 159 (2005)
[10] H. M. Anderson, E. A. Den Hartog, J. E. Lawler: J. Opt.
Soc. Am. B 13, 2382 (1996)
[11] J. Alnis, A. Matveev, N. Kolachevsky, T. Wilken, Th.
Udem, T.W. Haensch: Phys. Rev. A, 77, 053809 (2008)
[12] L.B. Mercer: J. Lightwave Technol. 9, 485 (1991)
[13] V.S. Letokhov and V.P. Chebotaev, Nonlinear Laser
Spectroscopy (Berlin: Springer, 1977)
[14] J.L. Hall, L. Hollberg, T. Baer, H.G. Robinson: Appl.
Phys. Lett. 39, 680 (1981)
[15] G. Camy, Ch.J. Bord, M. Ducloy: Opt. Commun. 41,
325 (1982)
[16] G. B. Picotto, V. Wataghin: J. Phys. B 25, 2489 (1992)
[17] O. E. Myers, E. J. Putzer: J. Appl. Phys. 30, 1987 (1959)
[18] C. J. Borde, J. L. Hall, C.V. Kunasz, D. G. Hummer:
Phys. Rev. A 14, 236 (1976)
[19] O. Schmidt, K.-M. Knaak, R. Wynands, D. Meschede:
Appl. Phys. B 59, 167 (1994)
[20] J. L. Hall, C. J. Borde: Appl. Phys. Lett. 29, 788 (1976)
[21] V. P. Chebotayev, V. S. Letokhov: Prog. Quant. Electr.
4, 111 (1975)
[22] G. C. Bjorklund, M. D. Levenson, W. Lenth, C. Ortiz:
Appl. Phys. B 32, 145 (1983)
[23] A. M. Akul’shin, V. L. Velichanskii, R. G. Gamidov, A.
P. Kazantsev, V. A. Sautenkov, G. I. Surdutovich, V. P.
Yakovlev: JETP Letters 50, 187 (1989)
[24] D. A. Smith, I. G. Hughes: Am.J.Phys. 72, 631 (2004)
[25] V. Pfeufer: Z. Phys. D 2, 141 (1986)
[26] R. Engleman Jr., R. A. Keller, C. M. Miller: J. Opt. Soc.
Am. B 2, 897 (1985)
[27] R.W.P. Drever, J.L. Hall, F.V. Kowalski, J. Hough, G.M.
Ford, A.J. Munley, H. Ward: Appl. Phys. B 31, 97 (1983)
